The initial distribution of tracer amounts of 2deoxyglucose between plasma and brain tissue, relative to native glucose, and the rate of accumulation of 2-de oxyglucose-6-phosphate were determined in brain re gions of rats given kainic acid intravenously. Regional plasma flow was measured in a comparable group of an imals. A previously described compartmental model was used to obtain estimates of rates of glucose transport and of glucose phosphorylation. Both rates were significantly increased in entorhinal cortex, hippocampus, amygdala, and septal nucleus. From measured brain tissue and plasma glucose concentrations, glucose fluxes were also calculated in terms of either irreversible or reversible Mi chaelis-Menten kinetics. In all brain regions of control rats and in six of the ten regions studied in rats given kainic acid, rates of glucose transport calculated in terms of the Michaelis-Menten models were consistent with those estimated by the tracer 2-deoxyglucose procedure. However, in the four regions in which glucose metabo lism was stimulated, rates of glucose transport calculated from the behaviour of tracer 2-deoxyglucose were con siderably higher than rates calculated from measured
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We have recently reported on the distribution of tracer amounts of 2-deoxyglucose in individual brain regions during the first few minutes after in travenous injection in the rat. Details of a model and calculations were given for the conversion of data obtained with the tracer glucose analog to fractional rate constants of native glucose and, based on a knowledge of plasma and brain tissue glucose concentrations, to unidirectional rates of glucose influx and rates of glucose phosphorylation (Hargreaves et al., 1986) . The animals studied were either anaesthetised with sodium pentobarbital or concentrations of glucose in plasma and brain tissue using Michaelis-Menten models. The possibility is con sidered that in those regions that are metabolically stimu lated by kainate, there is an increasing asymmetry be tween the luminal and abluminal membranes of the capil lary endothelium in the permeability to glucose and its analogs. An alternative proposal is that in the model used to analyse the tracer 2-deoxyglucose data, the assump tion of a rapid mixing of tracer throughout the endoge nous pool of tissue glucose prior to phosphorylation be comes invalid. The discrepancies between tracer and na tive glucose in these particular regions of rats given kainate are consistent with an apparent metabolic com partmentation. The influence of kainate on plasma flow was found to differ regionally, with flow in entorhinal cortex, hippocampus, and amygdala being unchanged. There is some evidence for increased rates of glycolysis relative to oxidative metabolism in these regions. Key Words: Blood-brain barrier-2-Deoxyglucose kinetics -Glucose transport-Kainate-Metabolic compart mentation. awake. We have now carried out similar studies in rats given kainic acid systemically.
Although several investigators, using the 2-de oxyglucose autoradiographic method of Sokoloff et al. (1977) , have shown that kainic acid induces regionally selective increases in the rate of 2-de oxyglucose phosphorylation (Collins et al., 1980; Ben-Ari et al., 198 1; Lothman and Collins, 1981; Celik et al., 1982; Evans and Meldrum, 1984) , there is no information on the early time course of the tracer glucose analog from which information might be gained on the kinetics of transport at the blood brain interface. The present results indicate a sub stantial increase in the permeability of the blood brain barrier to glucose in some regions. However, the estimated high rates of glucose transport in these regions could not be reconciled with the mea sured plasma glucose concentrations and tissue glucose content in terms of simple saturation ki netics. Alternative models are considered. The present studies were confined to the early stages of the kainic acid-induced syndrome when there is no evidence of altered blood-brain barrier perme ability to a[14C]aminoisobutyric acid (Zucker et al. , 1983) , a non-carrier-mediated, nonmetabolizable small molecular weight hydrophylic compound.
MATERIALS AND METHODS

Animals
Male rats of LAC Porton strain, ranging between 8 and 10 weeks of age, were used. The rats were anaesthetized with ether, and a ventral tail artery and a lateral tail vein were cannulated with PE50 heparinised tubing. Animals regained consciousness and were kept a further 3-4 h under light restraint before further procedures were car ried out. Heart rate and arterial blood pressure were monitored continuously.
Rats were either fed ad libitum or deprived of food, but not water, for 16 h prior to use. These two nutritional states influenced the concentration of plasma glucose at tained during the time that measurements of cerebral blood flow or cerebral glucose utilization were made. The nutritional status has been specified where appropriate.
Kainic acid (Sigma, St. Louis, MO, U.S.A.) was dis solved in N-2-hydroxyethylpiperazine-N'-2-ethanesul fonic acid (HEPES) buffered Ringer's solution adjusted to pH 7.2 and was given to the rats intravenously at a dose of 12 mg' kg-I.
Cerebral glucose transport and phosphorylation
The experimental procedure for the simultaneous mea surement of regional rates of glucose transport and of glucose phosphorylation based on the use of isotopic 2deoxyglucose was as described by Cunningham and Cremer (1981) . Briefly, at zero time, each rat was given an intravenous injection of [U-14Cl2-deoxyglucose (10 J.1Ci; specific activity 318 mCi/mmo!), followed at 2 min by [PHl2-deoxyglucose (40 J.1Ci; specific activity 15 Cil mmol), and was killed at a recorded time, about 3 min after the second injection, by focused microwave irradia tion to the head (3.2-s exposure, 2.5 kW at 2,450 MHz). Timed arterial blood samples were taken for radioactivity measurement and assays of glucose and lactate. The brain was removed, placed in a wax mould mounted at an angle of 12°, and cut into 2-mm coronal sections. Regions were dissected according to the stereotaxic atlas of Paxinos and Watson (1982) or of Zilles (1985) for cortical areas. Midpoint distances from the interaural line were 2.5 mm and 4.5 mm for entorhinal cortex and amygdala regions, respectively. Each weighed tissue piece was ho mogenized in water, centrifuged, and samples of the su pernatant taken for measurement of glucose, [l4C, 3Hl2deoxyglucose and [14C, 3Hl2-deoxyglucose-6-phosphate radioactivity.
Cerebral plasma flow
Regional cerebral blood flow (rCBF) was measured using 4-iodo-[N-methyJ-l4Clantipyrine, essentially as de scribed by Ohno et al. (1979) . Rats were guillotined 25 s after the start of a constant rate intravenous infusion of tracer (25 J.1Ci . ml-1 at 1.0 ml . min). Timed single drop fractions of arterial blood were collected throughout the infusion. The brain was removed, lightly blotted, and cut into 2-mm coronal sections, which were placed in a cryostat at -12°C for dissection into regions. Regional blood flows were calculated as described by Cremer et al. (1983) and were converted to plasma flow rates using the large vessel haematocrit.
Glucose and lactate measurements
Arterial blood samples (approximately 0. 2 m!) were mixed with 1.0 ml of 0.3 M perchloric acid. Glucose was assayed directly on the supernatant by the hexokinase method using a standard Boehringer glucose kit, and lac tate was assayed enzymically (Gutmann and Wahlefeld, 1974) after neutralization of the supernatant.
The same enzymic methods, performed spectrofluori metrically, were used for direct assay of glucose and lac tate in supernatant from microwaved brain tissue homog enates.
Calculations
Estimation of rates of glucose influx and efflux based on the distribution of labeled 2-deoxyglucose between plasma and brain. Hargreaves et al. (1986) have de scribed in detail the model used for the estimation of re gional rates of unidirectional glucose influx (lin) and ef flux (l out) between plasma and brain and of the rate of glucose phosphorylation in brain ( Rpho s) from data ob tained from the dual-label 2-deoxyglucose protocol out lined above. The model incorporates the effects of re gional plasma flow rate and assumes a single, well-mixed tissue glucose compartment in a steady state. Dephos phorylation of glucose-6-phosphate was assumed to be negligible.
The model takes advantage of differences between glu cose and 2-deoxyglucose in their fractional rates of trans port and phosphorylation. Thus, the observed relative distribution volumes of glucose and 2-deoxyglucose may be interpreted in terms of the relative rates of glucose transport and phosphorylation and a phosphorylation rate obtained from the accumulation of 2-deoxyglucose phosphate.
Estimation of rates of glucose influx and efflux based on measured plasma and tissue glucose concentrations.
As direct measures of plasma and tissue concentrations of glucose were available from the 2-deoxyglucose pro tocol, alternative approaches to the estimation of lin were possible based on the kinetics of transport of glucose across the blood-brain barrier. Cunningham et al. (1986) have compared two kinetic schemes that relate lin and l o ut to capillary plasma and tissue glucose concentrations. Each scheme involves a maximal transport capacity (T max) across each of the lu minal and abluminal membranes of the capillary endothe lial cells, together with a characteristic transport constant (Kt). The first scheme (type I) is equivalent to the formu lation of Pappenheimer and Setchell (1973) , in which tissue concentration has no effect on the relationship be tween lin and the mean capillary glucose concentration (C). The second scheme (type II) involves reversible Mi chaelis-Menten kinetics and is equivalent to transport via simple stereospecific pores. In this case, an increasing tissue glucose concentration exerts an inhibitory effect on glucose influx from plasma to brain. The detailed alge braic treatment of these schemes is given in Cunningham et al. (1986) .
In the anaesthetized rat, both schemes described the relationship between lin and c equally well over the normal physiological range of plasma glucose concentra tions. This was the case, despite large differences in the numerical values of the corresponding transport contants (a mean value of 7. 2 mM for type I and 1. 72 mM for type II) due to the involvement of tissue glucose concentration in the expression for lin in type II kinetics.
In the present work estimates of lin were obtained as follows. For each region, under the assumption of a steady state,
where Ca (mM) is the glucose concentration in arterial plasma; Rphos is the estimate of the rate of glucose phos phorylation derived from the 2-deoxyglucose model; and F is the regional plasma flow rate.
where CT (mM) is the concentration of glucose in the tissue; M (/-Lmol . g-I) is the measured tissue glucose content; and VA (0. 78 mI, g-I) is the actual physical volume of distribution of glucose in brain.
If for each kinetic scheme (type I or type 11), Kt is as sumed to be constant, and CT is assumed to be the con centration at the abluminal capillary surface, then lin and lout may be calculated as a function of c, CT, and Tmax (Cunningham et aI. , 1986) . Tmax was therefore varied sys tematically, using a bisection algorithm, until
linlout = Rphos
Thus, this approach allows model-dependent estimation of lin for each region, based on the observed plasma and tissue glucose contents.
Statistics
Factorial analyses of variance for split-plot experi mental designs, with rats as the 'blocks' factor, were car ried out using the GENSTAT package (Alvey et aI. , 1982) .
RESULTS
Behavioural responses to kainic acid
The behavioural abnormalities induced by the systemic injection of kainic acid were comparable to those described in detail by Lothman and Collins (1981) . Onset of intermittent head shaking occurred at about 10 min, and in most animals, "wet dog shakes" occurred at about 25 min after dosing. In those animals left to survive longer, onset of clonus of the forelimbs occurred at about 50 min. Both heart rate and mean arterial blood pressure were reduced during the first 20 min after dosing, then returned toward the predose values (Table 1 ).
In the present study, the procedures for mea suring cerebral plasma flow and cerebral glucose metabolism, over a time period of 25 s and 5 min, respectively, were started 30 min after giving kainic Values are for an individual rat given 12 mg . kg-I kainic acid intravenously and are typical of other animals used throughout the present study.
acid. No animal was used for these measurements if MABP remained below 90 mm Hg at this time.
Regional rates of plasma flow
Mean values for plasma flow in 10 regions of brain in rats given kainic acid and in a control group of animals are shown in Ta ble 2. Both groups of an imals had been deprived of food for 16 h. The influ ence of kainic acid on plasma flow differed between regions (p < 0.00 1). It may be noted that there was no increase in plasma flow in entorhinal cortex, amygdala, and hippocampus, even though the rate of glucose phosphorylation in these regions was significantly increased (Table 3) .
Glucose content and rate of glucose phosphorylation in brain regions
Mean values for the rate of glucose phosphoryla tion and for the amount of glucose in 10 brain re gions from 3 groups of animals, 1 control and 2 given kainic acid, are given in Ta ble 3, together with the large vessel arterial plasma glucose concentra tion for each group. There was a significant in crease in the rate of glucose phosphorylation in en torhinal cortex, hippocampus, amygdala, and septal nucleus in rats given kainic acid compared to control animals. In fasted rats given kainic acid, comparison with a similarly fasted control group showed that the glucose content was significantly reduced in entorhinal cortex and hippocampus.
The nutritional status of rats, either fed ad li bitum or starved for 16 h, prior to the injection of kainic acid influenced the amount of glucose in both plasma and brain tissue ( Table 3 ). The rela tionship in individual animals between the average capillary plasma glucose concentration in a brain region (C) and the amount of glucose in the brain tissue of that region is shown in Fig. 1 . The four regions for which this relationship is shown are the visual cortex, which, metabolically, is relatively unaffected by kainic acid, the entorhinal cortex, hippocampus, and amygdala, each of which are metabolically stimulated. Also given in Fig. 1 , in the legend, are the mean values for the apparent distribution volume of glucose in brain tissue of each region. In rats given kainic acid, the apparent distribution volume for glucose was significantly reduced in entorhinal cortex, hippocampus, and amygdala.
Rate of unidirectional glucose influx in brain regions
For each animal used in the groups shown in Table 3 , estimates were also obtained for the re gional rates of unidirectional glucose flux from cap illary plasma to brain (Jin), based on a time course of apparent distribution volumes for tracer 2-de oxyglucose in brain.
Data are presented for individual rats, either con trols or those given kainic acid, to show the rela tionship between Jin and capillary plasma glucose concentration in four regions of brain (Fig. 2) . In the six additional regions studied (see Ta ble 3), the rates of Jin in fasted animals given kainic acid were similar to rates observed in fasted control rats. In each of these regions, the rate of glucose influx was about double the respective value for Rphos ' In entorhinal cortex, hippocampus, and amyg dala of animals given kainic acid, there appeared to be an increase in the capacity of the glucose trans port system (Fig. 2) . However, the data for each of these regions in treated animals showed consider-
Visual cortex
Entorhinal cortex
Mean capillary plasma glucose (mMI FIG. 1. The relationship between the mean capillary plasma glucose concentration (e) and the content of glucose in brain tissue (M) in individual control rats (0) and rats given kainic acid (e). Mean values ± SEM for the apparent distri bution volume of glucose (Mic, mi, g-1) in brain tissue in control rats and rats given kainic acid were, respectively: vi sual cortex 0.34 ± 0.01, 0.32 ± 0.01; entorhinal cortex 0.40 able variation between individuals in the relation ship between Jin and c. Such variation is unlikely to have been due to technical inadequacies, as it was not seen in other brain regions of the same animals (e. g., visual cortex, Fig. 2) . The three brain regions in which an apparent in crease in glucose influx occurred are the ones in which the phosphorylation rate is most increased following an injection of kainic acid. The relation ship between glucose influx and phosphorylation is shown in Fig. 3 . The animals and brain regions were the same as those used for display in Fig. 2 . In each of the three regions there appeared to be a close relationship between Jin and Rphos'
As, in the methodology used in the present study, estimates of Jin and Rphos are made simultaneously from the same experimental data, it seems perti nent to re-state how they are obtained. Essentially, the rates are based on the best fits to the experi mental data for the quantity of 2-deoxyglucose in the regional arterial plasma throughout the time course of the experiment and the amounts of 2-de oxyglucose and of 2-deoxyglucose-6-phosphate in brain tissue at two times after injection of tracer (Hargreaves et aI. , 1986) . Typical curves of best fit, together with experimental data for the glucose an alog, are shown in Fig. 4 . Also given are values for the average capillary plasma concentration, brain tissue glucose content, and estimated rates of Jin and Rphos ' Data are for three individual animals-a fasted control, a fasted rat given kainate, and a fed rat given kainate. In addition to showing the curves generated from the model to give the best fit to the data, the choice of these particular animals allows comparisons between brain regions when certain parameters are constant. Thus, for a constant plasma glucose concentration, comparison can be made between the fasted control and the fasted kainate-treated rat. For a near constant value for Rphos' a comparison can be made between the fasted and the fed kainate-treated rats for both en torhinal cortex and hippocampus. For each brain region in all animals, there was good agreement be tween the simulated curves and the experimental data. The model used in the analysis for the 2-deoxy glucose tracer data assumes a steady state, so that
where Jo u t is the rate of efflux of glucose from brain tissue to capillary plasma. Values for Jo u t may be calculated from the data shown in Figs. 3 and 4 . For most animals given kainic acid, high rates of influx of glucose were associated with high rates of efflux. Thus, in entorhinal cortex and amygdala, and to a lesser extent in hippocampus ( Figs. 3 and 4) , there was evidence of a substantial increase in the bidi rectional movement of glucose at the plasma-brain interface.
As individual regional tissue glucose contents were measured in each of the rats, it was of interest to see how estimated rates of influx and efflux based on the distribution of 2-deoxyglucose com pared with rates based on observed plasma and tissue concentrations of glucose. For the latter cal culations, two alternative kinetic schemes were used, as described in Materials and Methods. The two schemes (type I and type II) differ in the extent to which tissue glucose concentration affects influx from plasma to brain. We have previously shown (Hargreaves et ai. , 1986 ) that in the anaesthetized rat, there is a close correlation between estimates of lin based on the distribution of 2-deoxyglucose with those based on either the type I or type II ki netic schemes. For every brain region from individual animals, the values calculated for lin based on each of the two types of Michaelis-Menten kinetics were com pared with the estimate for lin based on the 2-de oxyglucose tracer method. Results for four brain regions only are given in Ta ble 4. For all brain re gions in control animals, there was reasonably good agreement between the three different ways of cal culating the value lin' Similar results were obtained for 6 of the 10 regions examined in animals given kainic acid. However, in entorhinal cortex, amyg dala, hippocampus, and septal nucleus, there were larger discrepancies. For these four regions, each type of analysis gave values for lin greater than in control animals, but the extent of the increase was always more when the calculation was based on the 2-deoxyglucose tracer method.
A sensitivity analysis was made by testing the goodness of fit to the experimental data when values obtained for lin based on either the irrevers ible (type 1) or reversible (type II) Michaelis Menten kinetics were used to generate brain tissue 2-deoxyglucose and 2-deoxyglucose-6-phosphate curves. Examples for visual cortex, entorhinal cortex, and hippocampus are given in Fig. 5 ; the experimental data points and values for c, Rphos' and M were those shown in Fig. 4 for the fasted rat given kainic acid. In both entorhinal cortex and hippocampus, the low values for lin, as estimated by either type I or type II Michaelis-Menten ki netics, were inconsistent with experimentally ob served quantities of labeled 2-deoxyglucose and 2deoxyglucose-6-phosphate in the brain tissue. Sim ilar results were obtained for the amygdala and septal nucleus. The graphs for the visual cortex in Fig. 5 are typical of those brain regions in kainate treated rats in which the phosphorylation rate was not increased significantly, as well as for all brain regions in control animals. They show that the esti mates of lin based on the Michaelis-Menten kinetic analyses agree quite closely with the 2-deoxyglu cose tracer data.
DISCUSSION
There are several studies in the adult rat that show that the regional capacity of the glucose transport system at the plasma-brain tissue inter face can change, apparently in response to local ized increases or decreases in the rate of glucose metabolism (Gjedde and Rasmussen, 1980; Cremer et ai. , 198 1, 1983; Hawkins et ai. , 1983; Hargreaves et ai. , 1986; La Manna and Harik, 1986) . A nearly constant relationship between the rate of unidirec tional glucose influx and the rate of glucose phos phorylation is thereby maintained. This has been shown to occur in a variety of physiological states and over a range of prevailing plasma glucose con centrations. How this coupling is signalled is not understood.
The saturable nature of glucose transport makes it difficult to translate directly from a plasma glu cose concentration to a rate of unidirectional flux. 
Values are means ± SEM for lin (fLmol g-I min -I) calculated either from the model describing the distribution of tracer 2-deoxyglu cose (DG) or from the Michaelis-Menten kinetic models type I and type II, as described in Materials and Methods. Control animals and animals given kainate were the same as those in Figs. 2 and 3. If the properties of the transport system can be de scribed kinetically-for example, in terms of Mi chaelis-Menten equations-then rates of glucose movement can be predicted. Two kinetic models that describe the behaviour of glucose in the an aesthetised rat have been given by Cunningham et al. (1986) and are described briefly under Materials and Methods. Furthermore, it was subsequently shown that using the values for the maximal rate of glucose transport across the two membranes of the endothelium and for the half-saturation concentra tions from that study, the predicted regional rates of glucose transport agreed closely with estimates obtained with the tracer 2-deoxyglucose procedure when applied to the anaesthetised rat (Hargreaves et al., 1986) . In awake animals, from the behaviour of tracer 2-deoxyglucose, estimated rates of both glucose transport and glucose phosphorylation were about double the values observed in anaesthe tised animals (Hargreaves et al., 1986) . These higher values in awake animals are also consistent with the two Michaelis-Menten models when it is assumed that the half-saturation concentration (Kt) is the same as in anaesthetised animals.
The observed differences between the awake and anaesthetised rat in the capacity of glucose trans port within a given region of brain have been con sidered to be a combination of two adaptations. One is a greater or smaller number of capillaries being perfused simultaneously to alter the surface area available for transport. The other is that the number of glucose transporters within the endothe lial plasma membranes are adjusted up and down (Hargreaves et al., 1986; Hawkins, 1986) . In sum mary, available evidence in the normal rat agrees with the assumption that the maximal glucose transport capacity (T max) can vary while the half saturation concentration remains constant. Also, the reported values for glucose concentration and increased transport rates in the cerebellum of rats given the tremorgenic agent cismethrin can be ac counted for simply by an increase in T max (Cremer et aI., 1983) .
In the present study, in which localized regions of brain were stimulated metabolically in response to a systemic injection of kainic acid, kinetic anal yses of glucose transport in these regions could no longer be explained in the same terms as those used to express glucose transport in the normal rat. The major difference was the large discrepancy in the apparent distribution of tracer 2-deoxyglucose be tween plasma and brain tissue compared to the dis tribution of glucose (Table 4 and Fig. 5 ). Gjedde and Christensen (1984) have discussed transport across the two endothelial membranes that constitute the blood-brain barrier. They con cluded from data available in the literature that the luminal and abluminal membranes have equal glu cose transport properties. However, they also gave theoretical consideration to possible discrepancies between the behaviour of tracer glucose and the ap parent distribution volume of brain tissue glucose. It could be shown that as the two cell membranes became dissimilar in their transport properties, the discrepancy between tracer and glucose distribu tion became greater. Interestingly, the calculated values for T max and Kt for the equivalent apparent single membrane (i.e., across both membranes) changed in opposite directions. For entorhinal cortex, hippocampus, and amygdala of rats given kainic acid, to accommodate both influx and phos phorylation rates estimated from the tracer 2-de oxyglucose data with observed glucose concentra tion, it would be necessary to vary both T max and Kt. Such calculations gave a tendency for T max to increase and Kt to decrease in these regions. Our findings with kainic acid may therefore represent an increasing degree of asymmetry between the two endothelial membranes compared to the normal rat.
An alternative explanation may involve compart mentation of the tissue glucose pool. In the model used to calculate the rate of unidirectional glucose flux from the behaviour of tracer 2-deoxyglucose, it was assumed that there was a complete mixing of transported 2-deoxyglucose with all the glucose present in brain tissue, prior to phosphorylation of the tracer. This assumption holds for the normal rat, as shown by the agreement between the esti mated rates of flux and phosphorylation with those predicted by the Michaelis-Menten models (Har greaves et aI., 1986) . It is possible that in those re gions of brain in which glucose metabolism ap peared to have increased following kainic acid injection, a substantial portion of tracer 2-J Cereb Blood Flow Metab, Vol. 8, No.2, 1988 deoxyglucose became phosphorylated before mixing throughout the endogenous pool of tissue glucose. This is equivalent to a metabolic compart mentation of tissue glucose. As the analysis of tracer 2-deoxyglucose data relied on differences in fractional rates of transport and of metabolism of glucose and analog, such compartmentation would lead to an overestimate of the total glucose flux be tween capillary plasma and the sites of phosphory lation.
Another feature of the present findings is that blood flow in entohinal cortex, hippocampus, and amygdala did not increase to match the increased rate in glucose utilization in rats given kainic acid. A similar observation was reported by Celik et aI. (1982) and was shown to be associated with a signif icant increase in brain tissue lactate (Cremer and Seville, 1985) . To what extent a relative increase in the rate of glycolysis compared to oxidative metab olism contributes to our findings on the behaviour of tracer 2-deoxyglucose awaits further investiga tion.
